Abstract Vegetable wastes occur throughout the supply chain and vary widely depending on its processing. Globally, more than 30 % of the loss occurs at the retail and consumer levels, of which the post-harvest and processing level wastages account for the major share. The wastes so generated pose an environmental threat and call for the development of a pollution-free model. Studies on the characterization of unutilized, rotten, and discarded fractions of the vegetable wastes indicate their potential candidature for reprocessing. Generation of renewable energy by bioconversion of vegetable wastes is gaining importance as it has proved to be a proficient means of utilizing the perishable vegetable residues. Researchers and industries are now fully engaged in a number of projects involving the technology of ''waste to fuel'' with a view to overcome the disposal problems. The present article deals with the studies conducted on vegetable wastes for production of various types of biofuel.
Introduction
Bioenergy is a promising, inexhaustible, sustainable source to combat the rising environmental, economic, and technological issues related to depleting fossil fuels. The most important aspect for sustainable production and supply of bioenergy is the availability of feedstock. Among various substrates, production from wastes has received a special acceptance for maintaining environmental integrity. Wastes are generated in many forms and at various stages, ranging from domestic to industrial levels, and their improper disposal has detrimental effects on the environment as well as human life.
The human population across the globe is increasingly getting oriented toward healthy and processed food products. It has been observed that of the enormous supply of food for human consumption, about one-third gets wasted globally [26] . India, with rich agricultural resources, accounts for 50 MT of vegetable waste, which is about 30 % of its total production [96] . Hence, utilization of these wastes generated at different levels of delivery starting from the agricultural farm, post-harvest handling, storage, processing, and from distribution to consumption would be economically highly beneficial. Such wastes can either be used directly as an untreated material for microbial growth or be used by appropriate treatment with enzymes for bioenergy production. The products generated from perishable wastes can be in liquid or gaseous forms of biofuels. Since the process is rather specific and varies for conversion into different types of biofuels, it is necessary that the quality, quantity, and characteristics of the feedstock are known or determined beforehand. Based on initial screening and biochemical characterization of the wastes, treatment processes can be designed to recover energy from waste nutrients. Utilization of microbes or enzymes for digestion of discarded vegetable biomass into a desired form of fuel is presently one of the most accepted waste management strategies. The present article focuses on the strategic application of bioconversion processes on vegetable wastes used to develop environmentally friendly and low-cost operating systems for production of biofuel.
Vegetable Wastes
Vegetable waste is a biodegradable material generated in large quantities, much of which is dumped on land to rot in the open, which not only emits a foul odor, but also creates a big nuisance by attracting birds, rats, and pigs-vectors of various diseases. Apart from post-harvest losses due to lack of storage capacity, processing and packaging of vegetables according to customers' specifications also plays a major role in waste generation. Vegetable wastes include the rotten, peels, shells, and scraped portions of vegetables or slurries.
These wastes can be treated for biofuel production through fermentation under controlled conditions or else used for composting. The natural decomposition of wastes by microbes generates products with high humus content. Research activities have confirmed that this carbohydraterich biomass can be a potent substrate for renewable energy generation.
Characterization of Vegetable Wastes
Vegetable and fruit wastes are a special group of biomass that needs to be characterized to understand its nature for application as raw material and to propose the best methodology for its proper utilization. Waste composition also influences the overall yield and kinetics of the biologic reaction during digestion. Characterization of waste can be done physically, chemically, or biologically. Physical characterization of solid wastes include estimation of weight, volume, moisture, ash, total solid, volatile solid (VS), color, odor, temperature, etc., while dissolved and suspended solids are estimated for liquid wastes. Turbidity is another important parameter for liquid wastes, which needs to be considered. Chemical studies include the measurement of cellulose, hemicellulose, starch, reducing sugars, protein, total organic carbon, phosphorus, nitrogen, BOD, COD, pH, halogens, toxic metals, etc. Besides these biochemical parameters, carbon, phosphorous, potassium, sulfur, calcium, magnesium, etc. can also be tested. All these chemical and biochemical parameters provide an insight on the applicability of waste for employment in specific energy production. Biologic characterization indicates the presence of pathogens and organisms which are indicators of pollution. A common feature of various forms of food wastes includes high COD, richness in protein, carbohydrate, and lipid biomolecules with noticeable pH variation. Joshi et al. [38] reported that wastes from vegetables industries including carrot, peas, and tomatoes have a high BOD and are a rich source of several nutrients like vitamins, minerals, fibers, etc. So, a detailed study of waste characteristics is essential for deciding its application and determination of economic feasibility of the process. Some of the physical and chemical characteristics of vegetable wastes have been given in Tables 1 and 2 , respectively.
Waste to Bioenergy
Conversion of wastes to energy helps in resource conservation and environmental safety on a sustainable basis. Specific gaseous and liquid biofuels are dealt with in detail in the following sections. [94] . Composition of a particular biofuel varies with the source and concoction of biodegradable biomass [101] . The potential of biogenic waste for gas production depends highly on its nature and biochemical composition [77] . Use of vegetable waste for biogas production not only solves the problem of residual disposal and indoor pollution, but also reduces dependency on fuel wood. Biomethane production is a three-step process involving hydrolysis, acidogenesis, and methanogenesis which is accomplished by a series of microbial interactions. Since the three stages of anaerobic digestion are controlled by bacteria, the product form varies with the type of bacterial population. Single stage digestion of vegetable waste is preferred owing to its lower investment cost and simpler design. However, a major problem related with the single phase digestion is the high loading rate that affects the growth and activity of methanogens. During anaerobic digestion, acetate, carbon dioxide, and hydrogen are produced as a result of the activities of acidogenic microbes. Hydrogen and acetate are assimilated by the methanogens and reduced to methane and water. At high loading rates, the metabolic activity of acidogenic microbes increases resulting in increased hydrogen accumulation, while methanogenic organisms are unable to increase the activity, and this disparity leads to the termination of methane production. High biodegradable organic content of vegetable waste causes rapid acidification and large volatile fatty acids production which inhibits the activity of methanogenic bacteria.
Though methane production is an age-old process, it still faces a major challenge in terms of enhancing the productivity and yield of the gas. For biomethane gas utilization, raw gas has to meet the quality characteristics of natural gas. High CH 4 content in the biogas is the prime aim which can be achieved by removing most of the CO 2 and hydrogen sulfide from the biogas. The amine scrubbing process is the technology mainly used for the treatment of biogas. Initial steps involve the removal of water and hydrogen sulfide. Desulfurization takes place with the help of an activated carbon filter.
Another important challenge associated with digestion is the loss of biomass in systems with a high hydraulic loading rate. A solution to this problem was found by designing reactors capable of high loading rates and small hydraulic retention times (HRT). During the single stage digestion process, digested slurries lack homogeneity in particle size resulting in the formation of layers of distinct densities, or phases, in the reactor. In general, it damages the propellers and hampers proper mixing, and thus the periodic extraction of the layers formed inside the reactor is essential. Normally, in the batch system, organic wastes are fed once in the reactor where they undergo sequential decomposition. The batch digesters have not yet been successful to meet the substantial market share due to high retention time [12] . The semi-continuous or continuous mode of anaerobic digestion of vegetable wastes is one of the most popular and significant methods [98, 104] . Continuous stirred tank reactors (CSTR) are more versatile bioreactors available for single phase digestion of vegetable wastes [46, 85] . Uniform mixing of the biomass using a mechanical agitator or recycling of biogas results in the equalization of the hydraulic retention time to the solid retention time, thereby overall enhancing the biogas yield. Vegetable wastes were explored by Verrier et al. [97] in a 16 l CSTR, resulting in VS removal and methane yield of 83 % and 0.37 l g -1 VS fed, respectively. CSTR was also studied for digestion of vegetable residues by Lane et al.
[49]. Digestion of asparagus and sugar beet pulp waste resulted in a methane yield of 0.230 and 0.263 l g -1 VS fed, respectively, and VS reduction up to 89.7 and 95.2 %, respectively. Using CSTR, Sarada and Joseph [78] evaluated tomato processing waste (peel, seed, and skin) and obtained the maximum yield of biogas (0.42 l g -1 VS fed) on the 24th day at 35°C with a loading rate of 4.5 kg TS m Sequencing batch reactors are gaining more importance for anaerobic digestion than single stage digestion in terms of better solid retention and the absence of settling [95] . The use of two stage bioreactors for anaerobic treatment is of great significance because of its process flexibility in terms of HRT, organic loading rate due to sequential arrangement of separate bioreactors for acidogenesis and methanogenesis resulting in elimination of separate clarifiers [89] . The process includes the repetition of five separate steps: feeding, reacting, settling, drawing, and idle. The anaerobic sequential batch reactor performance for vegetable waste was found to be good. Bouallagui et al. [11] used ASBR as the methanogenic bioreactor in two phase digestion (of fruit and vegetable wastes) which resulted in significant biogas productivity and better effluent quality with a 96 % reduced chemical oxygen demand. Two stage anaerobic digestion was used by Raynal et al. [74] for vegetable waste (potato peeling wastes, salad leaves, and cannery waste of green peas and carrots mixture) using multiple liquefaction reactors and a central methane reactor. Rajeshwari et al. [73] explored USAB digester for the sequential two stage digestion of vegetable wastes. Initial hydrolysis and acidification was performed in a bed reactor which resulted in leachate with COD 25,298 mg l -1 in 40 h which was fed to upflow anaerobic sludge blanket (UASB) for methane production. The anaerobic baffled reactor is another novel reactor used for biogas production from fruit and vegetable waste by Bouallagui et al. [10] .
Improving the efficiency with the surplus supply of nutrients by the co-substrates and reducing the negative effect of toxic compounds on the digestion process with dilution are other aspects of enriching methane production. Lack of nitrogen and phosphorus in vegetable wastes make the co-digestion practice a reasonable means to balance the nutrients by adding other feedstock with high nitrogen or phosphorus [29] . Molinuevo-Salces et al. [62] used CSTR bioreactor for studying the effect of addition of vegetable processing waste (50 % dw/dw) as co-substrate in the anaerobic digestion of swine manure. The results showed a threefold increase in methane yield at HRT of 23 days. Codigestion of tomato wastes with cattle dung performed by Saev et al. [76] in cylindrical-shaped anaerobic reactor in the ratio of 80:20 for cattle dung to tomato waste resulted in increased biogas yield from 0.33 to 0.700 dm 3 d -1 . Two stage digestion of mixture of activated sludge and fruit/ vegetable wastes resulted in a methane content of 68 % [21]. ASBR were utilized for the anaerobic co-digestion of abattoir wastewater and fruit/vegetable wastes at HRT of 10 and 20 days [13] .
Anaerobic treatment of vegetable waste, rich in organic content, is advantageous as it not only results in the high yield of methane with varying organic loading, but also provides the digested slurry that can be used as soil conditioner/biomanure.
Biodiesel
Biodiesel comprises alkyl esters of high fatty acids and low aliphatic alcohols. A Biomass with high lipid content is most suitable for biodiesel production. Oil rich wastes of vegetable origin like fresh or waste vegetable oils, animal fats, and oilseed plants fall under this category. Fatty acid composition of the triglycerides present in the feedstock determines its usefulness as the calorific value depends on it. Unsaturation lowers the energy content, whereas saturation increases the calorific value. Other physical and chemical parameters controlling the efficiency of the feedstocks are the presence of moisture, impurities, and unsaponifiables [40] . The choice of feedstock also determines the cost of biodiesel which sometimes accounts for about 70-95 % of the operating cost [22] .
One of the potent and efficient substrates for production of biodiesel is vegetable oil since it is renewable in nature, readily available, and environment friendly. Both edible and non-edible oils have been vastly employed for this purpose. Alcohol esters of vegetable oils possess characteristics that are very close to that of diesel fuel [27] . Rapeseed and sunflower oil in Europe, soybean oil in USA, and palm oil in tropical countries have been used. Nonedible oils appropriate for application of biodiesel include Pongamia glabra, Attalea speciosa, Madhuca longifolia, Jatropha curcus, Nicotiana tabacum, Hevea brasiliensis, and Ricinus communis to name a few [4, 66] . In 2009, Li et al. [54] reported the use of Eruca sativa Gars oil for biodiesel production, yielding 98 % conversion. Since edible oil is expensive, search for cheaper oil substrates has been a major focus in biodiesel research. Takahashi collected waste cooking oils from various sources such as cafeterias, restaurants, and households in the city of Kyoto and used it to produce biodiesel as an energy source [4] . Biodiesel production using high temperature pretreated kitchen garbage was reported by Su et al. [86] . Pizarro and Park [72] produced biodiesel using waste (bleaching earth) generated during the crude vegetable oil refining process, yielding 55 % biodiesel.
Biodiesel production is also achieved by transesterification of vegetable oils with simple alcohols either using a catalyst or without it. Reaction temperature, alcohol to oil ratio, mixing speed, and purity of reactants are the other parameters which influence biodiesel production [7] . Optimization of these parameters has been widely researched to improve the biodiesel yield. Conventionally, acidic and alkaline catalysts have been widely employed for transesterification. Keera et al. [42] and Usta et al. [93] reported the best yield of biodiesel using sodium hydroxide as an alkaline catalyst for soybean oil and cottonseed oil transformation and both acid (H 2 SO 4 ) and base (NaOH) catalysts for biodiesel production using soap stock. Of late, solid catalysts and enzymes are being used for biodiesel production. The French Institute of petroleum developed a large-scale industrial biodiesel production process (Esterfip-H) using solid catalysts of mixed oxide of zinc and aluminum [66] . In a similar study, Shu et al. [83] reported 80.5 % conversion of triglyceride using a carbon-based solid acid catalyst for transesterification of cottonseed oil supplemented with oleic acid (50 % w/w). Enzyme-based biodiesel synthesis involves the use of lipase which provides an added advantage of simple separation and purification of the reaction products. The enzymatic production of fatty acid methyl ester was established at Lvming Co. Ltd. in China where immobilized lipase was used for transesterification of waste cooking oil [4] . Up to 30 % yield was reported by Zeng et al. [103] using whole cell Rhizopus oryzae IFO 4697 as biocatalysts. Many other unique techniques have been employed for biodiesel production, aiming at energy and material conservation. In one such attempt, a 99 % yield was attained within 50 min by adopting ultrasonic irradiation (20 kHz) for transesterification of Canola oil [91] . Employing supercritical fluid extraction, Lee et al.
[51] obtained a high yield of biodiesel (approx. 100 %) from waste Canola oil in 45 min of incubation time.
Research aiming at improving the process of transesterification is under progress with a focus not only on the yield, but also on environmental safety and resource conservation in the form of feedstock availability, recovery, and economy.
Bioethanol and Biobutanol
The wastes from fruit and vegetable processing industries being rich in polysaccharides (cellulose, hemi-cellulose and lignin) can be subjected to solid state fermentation for the production of ethanol and butanol, which has several uses [37, 50] such as a solvent in many industries and also as a liquid fuel supplement.
The basic processes for converting sugar and starch crops are well known and used commercially. While these types of plants generally have a greater value as a food source rather than as a fuel source, there are some exceptions to this [32] . Vegetable waste can be a potential substrate for bioethanol and biobutanol production due to its availability in abundance, high cellulose and starch content, and non-competitiveness with our food chain [88] . Vegetable waste to biofuel production consists of biomass pretreatment, saccharification, and fermentation. The general process for bioethanol/biobutanol production from vegetable wastes has been given in Fig. 1 .
Ethanol has been a key industrial chemical for many years. Fuel ethanol, in particular, is considered more environment friendly than fossil fuels. It has been seen as a replacement for gasoline. The potential microorganisms for ethanol fermentation include Saccharomyces cerevisiae, Zymomonas mobilis, C(full name)thermocellum, and recombinant Escherichia coli [15, 44, 79] . S. cerevisiae [55] is widely used for industrial ethanol production because of its ability to produce high concentrations of ethanol from hexoses and because of its high tolerance to ethanol and other inhibitory compounds (Table 3 ). There are a few reports on scaling up studies of bioethanol production from vegetable wastes. Tang et al. [88] reported bioethanol production at 200 l scale using kitchen wastes. Patle and Lal [70] reported bioethanol production from various agricultural biomasses at 5 l scale. However, the following crucial issues need to be addressed for commercial production of bioethanol: (i) the development of pretreatment method which can significantly remove lignin without altering cellulose; (ii) the development of an efficient saccharification process; (iii) the development of industrially viable strains for efficient fermentation of mixed-sugar hydrolyzates containing both hexoses and pentoses sugars that would also be resistant to the presence of inhibitory compounds such as those produced by delignification.
For the development of bioconversion processes, the major challenges in ethanol production are as follows: (i) reduction of lignin content of plant biomass genetically [14, 16] ; (ii) development of innovative technologies for efficient pretreatment of lignocellulosic biomass [5, 37] ; (iii) standardization of a process for simultaneous utilization of pentose and hexose sugars from single reactor vessel; (iv) genetic modification to develop high ethanol-tolerant strains. Research activities are underway for development of simultaneous saccharification and fermentation processes for bioethanol production. This has several advantages as both saccharification and fermentation are carried out in a single vessel and inhibition of the microorganisms by the end product is thus avoided. Table 3 summarizes bioethanol production from different types of vegetable wastes.
Butanol is another important industrial chemical feedstock, but it also has a potential for use as biofuel. The production of biobutanol by fermentation for use as a biofuel is gaining interest as it offers several advantages in comparison to bioethanol [105] . The main producers of biobutanol are Clostridia-obligate anaerobic, rod-shaped, and spore-forming gram positive bacteria. However, the number of Clostridium spp. capable of producing significant amounts of butanol during fermentation is very low. Bioethanol and biobutanol have been used as promising alternatives to petroleum-based transportation fuels. Vegetables wastes represent one of the important biomass sources that have a potential to be converted into ethanol and butanol. Examples of these wastes for biofuel production include potato peel wastes, apple pomace, orange peel, carrot residues, etc. Conversion of these wastes into biofuel not only produces value-added products, but also reduces the disposal costs of these wastes.
Biohydrogen
Biohydrogen is a potential biofuel because of its easy availability, environment friendly nature, and high energy content. Application of hydrogen energy is associated with high conversion efficiency obtained from fuel cells [24, 28] . It is one of the cleanest fuels because of zero CO 2 emission and a propensity for replacing depleted oil reserves [29, 30] . Among all the methods of hydrogen production, fermentative hydrogen production via lightdependent and dark fermentative processes has several advantages [39, 82] . Photolysis and photo-fermentation are included under light-dependent processes which are aerobic, whereas dark fermentation takes place in anaerobic conditions [82] , which increases the rate of hydrogen generation and thus reduces the cost of production.
Substrates used for biohydrogen production using suitable bio-process technologies should be carbohydrate-rich nitrogen-deficient solids. Among all wastes, vegetable wastes are considered to be one of the probable natural substrates having the potentiality of generating energy due to their high organic content and easy biodegradability. Cultures-pure, mixed, or co-culture-are other conditions for improving the productivity. Potential microorganisms contributing significantly in biohydrogen production processes are green algae, cyanobacteria, purple non-sulfur bacteria, which are photosynthetic and fermentative, etc. [71, 82] . Other strategies for improving H 2 yields are pretreatment, gas sparging, reduction of H 2 and CO 2 levels in the liquid phase, nutrient availability, pH, and temperature [43, 47] . Researchers the world over have used such approaches for increasing biohydrogen generation. Mohanakrishna et al. [60] used vegetable wastes for hydrogen production and showed an increase of up to 55 % with sewage supplementation. Similarly, Marone et al. [58] used a different approach of bioaugmentation of microbial communities for increasing the hydrogen production using market vegetable waste. Three different H 2 producing strains when put together maximize the H 2 production as compared to self-fermentation of each individual strain. A different strategy was adopted by Tenca et al. [90] for achieving maximum hydrogen production without controlling the pH externally. They co-fermented vegetable feedstock with alkali-rich material, i.e., swine manure, to avoid external adjustments of pH. Wastes generated from potato processing industries were utilized by Dong et al.
[23] and Logan et al. [56] for increased production of biohydrogen from 15 to 55 %. Carrot and cabbage were also selected for estimating the potential for hydrogen production [65] . Other wastes used for hydrogen production were lettuce and sugar beet, and in all these cases the Soybean litter, soybean molasses S. cerevisiae 24-40 1.16-63.5 [84] researchers concentrated mostly on the rate of hydrogen production and the yield of the process. The other issue which further needs to be dealt with for biohydrogen production is bioreactor designing. Both light phase and dark fermentation bioreactor models were used for maximizing the biohydrogen yield. Photo bioreactors require a large surface to volume ratio and their light dependency increases operational cost. Thus, dark fermentation is stipulated, which can be done in any of the different types of bioreactors such as CSTR, anaerobic sequencing batch reactor, membrane bioreactor, fixed-bed bioreactor, fluidized-bed bioreactor, expanded granular sludge bed reactor, and UASB bioreactor. Among these, the anaerobic CSTR is one such reactor which has been used for biohydrogen generation using vegetable wastes as reported by Jaitalee et al. [36] and Shi et al. [81] . Philippis et al. [71] tried scaling up from 2.5 to 11 l bioreactor for monitoring the biohydrogen production rate with encouraging results toward industrialization of biohydrogen production.
Thus, production of biohydrogen by utilizing vegetable wastes is a clean method for converting waste to energy and addressing the issues of sustainability, environmental emissions, and energy security.
Conclusion
Climate change mitigation, energy security, rising oil prices, and economic objectives are stimulating a strong interest in the development of bioenergy. Progress in potential, environment friendly biofuel supply chains from vegetable wastes is taking shape. Among several conversion processes and product developments, biomethane and bioethanol production from various food and vegetable wastes appears to be economically feasible on a large scale.
Developments in bioenergy generation would, in the future, influence the activities of the food and vegetable sectors as the pressure on waste management and bioproduct development increases. As with any biofuel production, the sustainable re-use of food and vegetable waste resources would not be without difficulties, but it would make available the opportunity for biotechnological developments. The economic environment would need to promote the type of conditions in which the growing food and vegetable industries can succeed.
While the developing countries are still struggling with socio-economic issues, mitigation of the massive energy shortage demands the meeting of the crisis through development of biotechnological solutions in the food and vegetable sectors by selecting suitable processes for maximizing energy generation. Committed leadership, suitable planning, technical and managerial support, public awareness, and growth in financing infrastructure are the probable requirements for making large-scale bioenergy generation feasible. Finally, the vision of resource and energy management along with conservation of the environment could be attained by integrating waste and energy. 
